Image inpainting and the extraction of different components from the electrical image log images are performed. After generating the training image, determining the appropriate template, multigrid, and event, calculating the conditional probability distribution function and defining the search tree, a threedimensional digital core is reconstructed. A method for reconstructing three-dimensional digital cores based on multiple-point geostatistics in a cylindrical coordinate system is proposed in this paper. The electrical image log image is generated in a cylindrical coordinate system. The training image and conditional probability distribution function based on the cylindrical coordinate system are different from those based on a rectangular coordinate system. A three-dimensional digital core is evaluated based on an analysis of the local porosity and pore size. The experimental results show that three-dimensional digital core reconstruction based on multiple-point geostatistics in a cylindrical coordinate system is similar to the real core by statistical characteristics and connectivities. A three-dimensional digital core with high reliability can be used as a basis for numerical simulations in rock physics research.
I. INTRODUCTION
Digital core technologies, which have been developed in recent years, are effective methods for core analysis. Core analysis has been effective for characterizing conventional sandstone reservoirs [1] . In fields that utilize three-dimensional digital cores, research started early in foreign countries, and some preliminary theoretical methods have been put forward [2] - [6] . In such research, China is in only a development stage, and few theories have been put forward by Chinese scholars. The early digital core work was based on two-dimensional CT (Computed Tomography) scanning images. Some digital cores were established by direct simulation. These simulations require a very small number of scanning images, which are more convenient to obtain. Therefore, these methods have been adopted by most researchers [7] . A three-dimensional digital core of carbonate reservoir can reflect the microscopic structures The associate editor coordinating the review of this manuscript and approving it for publication was Xiao-Yu Zhang . of the pores in the carbonate. A three-dimensional digital core has become the basis of numerical simulation. The main method for creating a three-dimensional digital core based on two-dimensional CT images utilizes a simulated annealing algorithm [8] . First, this algorithm randomly generates skeletons with porosities of φ in some reservoirs. Then, porous media that meet certain requirements can be produced by adjusting the position of the pores and the skeletons. The process method produces better connectivity in the three-dimensional digital core via a simple diagenesis process; however, this method is not easily adopted to simulate complex structures in reservoirs that underwent sedimentation, compaction and diagenesis [9] . First, the objective function in the MCMC (Markov Chain Monte Carlo) method is defined as the sum of the squares of the objective function differences between the reconstructed media and the simulated media to describe the material properties [10] . Then, the stability of the system is gradually enhanced. Finally, a three-dimensional digital core is obtained through continuously updating the system. Oren and Bakke combined the simulated annealing method with the process method to reconstruct a three-dimensional digital core of Berea sandstone reservoir [11] . Zhu Yihua and Taoguo constructed a three-dimensional digital core by using a sequential simulation method [12] . Sun Jianmeng and Liu Xuefeng used the theories of local porosity and seepage to evaluate the accuracy of a reconstructed three-dimensional digital core, which is similar to the real core in terms of its statistical characteristics and pore connectivity [13] . Multiple-point geostatistics, which overcome the shortcomings of traditional statistics, are used to introduce the concept of training images [14] - [16] . Multiple-point geostatistics can be used to resolve complex spatial structures, such as curved rivers and large pore structures. However, there are few reports on using multiple-point geostatistics to reconstruct three-dimensional digital cores from carbonate reservoirs.
In this paper, multiple-point geostatistics are used to reconstruct a three-dimensional digital core using two-dimensional electrical image log images. After the electrical image log images are inpainted and different components are extracted, a cylindrical coordinate system is established to generate a three-dimensional digital core using two-dimensional training images. The appropriate template and event are selected to calculate the conditional probability distribution function of the simulated points, and the search tree is defined. A random simulation is carried out in the multigrid. In the threedimensional cylindrical digital core, this work is carried out based on the electrical image log image from one end of the cylinder to the other.
The main contribution of the paper is summarized below: A method for reconstructing three-dimensional digital cores based on multiple-point geostatistics in a cylindrical coordin-ate system is proposed in this paper.
II. METHODOLOGICAL PRINCIPLES
Because of the borehole size and electrical image log tool structure, when the tool is in the open state, the coverage cannot reach 100%. The resistivity measurement is conducted in the open state, leaving areas without data between the plates. Thus, white stripes appear in the well images. The electrical image log image is inpainted by using multiple-point geostatistics and the interpolation method to obtain a fullbore image [17] .
Different components, such as the basic skeleton, pores and their connecting parts, are extracted from the fullbore image, and some fractures are extracted from the CT images [18] .
Multiple-point geostatistics were originally used to address continuous geological entities; the variation function of the two-point geostatistical method is used to depict the training image. A pattern is randomly selected from the training image in this method, and this pattern is chosen for the simulated points [19] . Figure 1 shows a schematic diagram of the cylindrical coordinate system. r, ϕ and z are the three coordinate variables in the cylindrical coordinate system [20] . This z variable is consistent with that of a rectangular coordinate system. where r is the distance between the projection point M on the plane xOy and origin point O, r ∈ [0, +∞), ϕ is the angle from the x axis to the projection of line OM on the xy plane in the counterclockwise direction, ϕ ∈ [0, 2π ), z is the height of the cylinder. The electrical image log image is represented in the cylindrical coordinate system to generate the training image introduced in the next section.
A. THE CYLINDRICAL COORDINATE SYSTEM

B. TRAINING IMAGE
The training image is originally a numerical model that contains all kinds of patterns and expresses the spatial attributes of the simulated reservoir [21] . The training image determines the accuracy of the simulated results, as shown in Figure 2 . When the r-direction information of the fullbore image is insufficient, the expansion operator in mathematical morphology is used to filter half the pixels of the window, which generates two-dimensional training images in three orthogonal directions.
To express the various patterns of the simulated reservoir, the FILTERSIM (Filter Simulation) algorithm is used to filter the training image [22] . The filter is a template with a set of weighting coefficients related to the position of each pixel. The filter scores are obtained by filtering the training image with these filters. Six directional filters are usually used in the FILTERSIM algorithm, which is shown in Figure 2 . The filter is voxel-based in a three-dimensional case. The size of the filters is fixed. There are three types of filters: average filters, gradient filters and curvature filters. Each type of filter is filtered horizontally and vertically. Average filters are used to locate features; gradient filters are used to detect feature boundaries by highlighting the contrast between different features; curvature filters are used to identify second-order features. All the training patterns are classified into a pattern group according to its six filtering scores. Similar training patterns will fall into the same pattern group, and the training patterns of the same mode groups will have similar filtering scores. The six two-dimensional directional filters are as follows:
(1) f1: horizontal average filter (2) f2: vertical average filter
(3) f3: horizontal gradient filter
(4) f4: vertical gradient filter
(5) f5: horizontal curvature filter
where m is filtering length. The pattern groups are divided by the mean of the scores of each filter. The size of the pattern groups is determined by the textural complexity of the image. There are several patterns in each group. Each pattern has six filtering scores, and there may be an empty pattern group. Each score in the pattern group corresponds to a pattern. There may be several similar patterns if similar scores arise in each pattern group. The scores of a pattern group are the average filtering scores of each pattern in the pattern group.
C. TEMPLATE
If the window can acquire the features of the training image, the window is defined as the template. Figure 3 (a) shows a square template with a size of 3 pixels by 3 pixels, and the central point of the template represents the simulated point. 
D. MULTIGRID
The templates have arbitrary geometries and sizes. Generally, the larger the size of the template, the better the correlation of the image features. The computational efficiency is low because there is a balance between the correlation of the image features and the computational speed. To solve this limitation of the computational speed, a multigrid method is adopted to improve the efficiency of the digital core [23] . The multigrid method utilizes a multilevel template that can obtain patterns from large-scale patterns to small-scale patterns. The training image is first scanned by a coarse template, and then the small-scale pattern is obtained. The fine template then scans the training image to obtain fine patterns.
E. EVENTS
An event is defined as scanning the training image with the template, as shown in Figure 3 (b) . The response of the simulated point in the event is known. A duplication is defined as an event in the training image being the same as that in the template.
F. CONDITIONAL PROBABILITY DISTRIBUTION FUNCTION AND SEARCH TREE OF THE POINTS TO BE SIMULATED
After scanning the training image, the conditional probability distribution functions of the simulated points can be calculated [24] . To improve the efficiency of the simulated points, a search tree is defined at the simulated points [25] . The possible state values of the simulated points are s k , {k = 1, 2, 3, 4}, s k = 1 for a skeleton, s k = 2 for a pore, s k = 3 for a connecting part or s k = 4 for a microfracture, which is a voxel node in a three-dimensional digital core. After the training image is scanned with the template, the number of repetitions of an event is expressed as d n = {s (u α ) , α = 1, 2, · · · , n}. c(d n ) is a random mode. The number of repetitions of the simulation points, which values are s k , {k = 1, 2, 3, 4}, s k = 1 for a skeleton, s k = 2 for a pore, s k = 3 for a connecting part or s k = 4 for a microfracture, is c k (d n ). The conditional probability distribution function of the simulation points is
G. STOCHASTIC SIMULATION After a search tree is defined, a random path is chosen to access the simulated points [26] . To obtain the conditional probability distribution function of the simulated points, the training image is scanned with the template along three orthogonal planes to obtain the events of the simulated points. The conditional probability distribution function of the weighted average of the three directions at the simulation point can be obtained in cylindrical coordinates. The total conditional probability distribution function of the simulated points is
where Pr ob is the total conditional probability distribution function of the simulated points, s k or S is the response of the simulated points, S rφ or s α is the response of the simulated points in the rφ plane, S rz or p α is the response of the simulated points in the rz plane, S φz or q α is the response of the simulated points in the φz plane, u is the number of remaining points in the simulated events, α is the serial number of all points in the events, and n is the simulated point. The radius of the cylinder is calculated according to the image width.
Because a three-dimensional core based on an electrical image log image is generated from multilayer images of the component images of one layer, this step is realized by layered simulation. The image of each layer is created, and the image of the upper layer is used as the training image for the next layer.
In each layer of simulation, filters based on the FILTER-SIM algorithm are used to carry out directional filtering of the electrical image log images [27] . The event of the training image is selected by means of the template. The corresponding filtering scores of each point are obtained according to the events and filters. Patterns are classified by the K-means method according to the filtering scores [28] . The events of the current simulation point are selected for stochastic simulation, and the corresponding filtering scores of the events are obtained. The pattern group with the smallest distance is selected according to the filtering scores. A pattern is randomly chosen at the current level from the pattern groups until the simulated points are determined at all levels.
III. EVALUATION AND ANALYSIS
The parameters of the method are proven in this paper. The effectiveness and accuracy of the three-dimensional digital core based on the electrical image log image are evaluated. Local porosity and pore size are used as two criteria for evaluating the three-dimensional digital core.
A. LOCAL POROSITY
Core porosities in a small range are measured and statistically analyzed to obtain information reflecting the microscopic structures in porous media [29] . K (r, L) is defined as a cube centered in a porous medium [30] . Local porosity theory can be used to study microscopic structures in porous media. Therefore, the local porosity distribution function reflects the homogeneity in the three-dimensional digital core based on the electrical image log images. The local porosity distribution function is defined as
where k(r, L) is the measurement unit related to the porosity of φ, m is the number of measurement units, δ is a delta function, and µ(φ, L) is the proportion of points with the porosity of φ, which reflects the probability distribution function of porosity.
B. PORE SIZE
Because the probability distribution function of the distance from a point in the pore space to the nearest skeleton point can be expressed by P(δ)dδ, the distribution function of the pore size is P(δ) [31] . The distribution function of the pore size describes the probability distribution of different distances from the pore point to the skeleton in a three-dimensional digital core. Meanwhile, it reflects the development degree of the pores and can be obtained by measuring the shortest distance from the point in a pore to a point of the skeleton and analyzing the pores in the reconstructed three-dimensional digital core based on the electrical image log image.
IV. EXAMPLES FOR A THREE-DIMENSIONAL DIGITAL CORE
To verify the effect of the reconstructed three-dimensional digital core, a carbonate reservoir is considered [32] . Figure 4 is the real electrical image log image collected from the selected carbonate reservoir. Figure 5 is the two-dimensional fullbore electrical image log image. Figure 6 shows the extraction results of different components (basic rock skeleton, pores and connecting parts) from the electrical image log image. Fifty-six images for the two-dimensional directional filtering using the multiplepoint statistical simulation algorithm were processed. A three-dimensional digital core based on the electrical image log image with a volume of 56 * 98 * 98 is obtained. Figure 7 shows the three-dimensional digital core based on the electrical image log image and its corresponding two-dimensional image. Figure 8 (a), (b) show two local porosity distributions at edge lengths L of the consecutive core slice images for a three-dimensional digital core. Figure 9 (a), (b) show two distribution functions of the pore size of the consecutive core slice images for a threedimensional digital core. The consecutive core slice images for a three-dimensional digital core have similarity in terms of their local porosities and the pore sizes. The three-dimensional digital core based on the electrical image log image is reasonable.
V. CONCLUSION
A three-dimensional digital core is reconstructed after the electrical image log image inpainting in a cylindrical coordinate system. Different components are extracted from the fullbore image; then, by generating a training image, determining the appropriate template, multigrid and event, calculating the conditional probability distribution function of the simulated points and defining a search tree, a threedimensional digital core is reconstructed. The multiple-point geostatistics of the electrical image log image in terms of the statistical characteristics and connectivities are very similar to those of the real core. A three-dimensional digital core with high reliability accuracy can reflect the geological and diagenetic information of reservoirs from the analysis of two parameters: local porosity and pore size. This work is of great significance to the future study of rock physics, especially the reconstruction of complex structures in porous media. In important academic journals and international academic conferences at home and abroad, 66 articles have been published and 35 articles have been retrieved. Five invention patents and one software copyright were obtained. His research interests include logging method and interpretation, and information processing.
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